An LDPC-coded FH-OFDMA system is proposed for the uplink of a packet-based cellular system, where the frequency hopping (FH) is based on a resource block (RB) for coherent demodulation. For the system, different RB types are employed either for better intercell interference (ICI) averaging capability or for better channel estimation performance. For the receiver, practical iterative channel estimation and decoding methods are proposed to improve the channel estimation performance without boosting the pilot power and to mitigate the adverse effects of the ICI. Extensive simulation results are provided to show the effect of the RB size on the channel estimation and ICI averaging performance as well as possible application of the proposed receiver in harsh mobile environments with dynamic packet allocation.
Introduction
In future wireless communication systems, high data rate and quality close to the wired environments are required to support various services such as video and audio streaming, file transfer, internet access, and so forth. Especially, demands on packet data services are increasing for ubiquitous internet access. As a radio transmission technology for future mobile radio access, orthogonal frequency division multiplexing (OFDM) is promising due to its successful deployment in various standards and commercial systems designed for broadband wireless transmission [1] - [3] . Among the multiple access schemes based on OFDM, orthogonal frequency division multiple access (OFDMA) can provide us with an efficient platform for high speed packet transmission in cellular environments: high flexibility in subcarrier allocation to adapt to the data rate and channel state, no intracell interference, and intercell interference (ICI) averaging or avoidance capability. Especially, with sophisticatedly designed frequency hopping (FH) methods for OFDMA, we can obtain both the ICI averaging effect and the full exploitation of the available frequency diversity through channel coding.
Manuscript received March 11, 2005 . Manuscript revised July 18, 2005 . † The author is with the School of Electronics and Information, Kyung Hee University, Yongin, Gyeonggi-do, Korea.
† † The author is with the Department of Electrical and Electronic Engineering/Center for Information Technology of Yonsei University (CITY), Yonsei University, Seoul, Korea.
† † † The author is with Mobile Telecommunications Lab., Electronics and Telecommunications Research Institute (ETRI), Daejeon, Korea.
a) E-mail: yheekim@khu.ac.kr DOI: 10.1093/ietcom/e89-b. 3 .828
On the other hand, coherent demodulation is essential to support high order modulation and to lower the operating signal-to-noise power ratio (SNR). Especially, the low operating SNR is of benefit to a system by reducing the transmit power, which also lowers the ICI level. However, channel estimation is more challenging in the uplink of a packetbased cellular system since different channel responses from multiple users to a base station should be simultaneously tracked. Thus, the pilot design in the uplink is different from those for the OFDMA systems in the downlink or OFDM systems assigning all subcarriers to one user as in [1] and [2] : pilot symbols cannot be shared among multiple users and the interpolation in the frequency domain might not be possible due to the discontiguous resource assignment. Moreover, active users transmitting the signals can be varied slot by slot through dynamic packet allocation. Thus, it is essential to design a pilot-and-data arrangement and a channel estimation method which reduce the overhead due to the pilot symbols as well as track the dynamically varying channel responses of multiple users.
For channel estimation methods utilized for OFDM systems, pilot-aided channel estimation approaches [4] - [6] and (pilot-assisted) decision-directed channel estimation approaches [7] - [9] have been proposed. A pilot-aided channel estimator is shown to be more robust to the channel variation than a decision-directed channel estimator although the former exhibits a performance loss in low mobility [6] . Thus, it is expected that the performance improvement will be obtained with a reduced number of pilots by properly combining the pilot-aided and decision-directed approaches. One of such methods utilizes the pilot and decision feedback symbols to improve the frequency domain interpolation through time domain transformation [9] . However, the method is not proper in the uplink OFDMA system, where each user is assigned with subcarriers which have little correlation in the frequency domain.
In this paper, we propose a low-density parity-check (LDPC) [10] - [12] coded FH-OFDMA system with FH based on the resource block (RB) for the uplink of a packetbased cellular system. At the receiver of the system, an iterative estimation and decoding (IED) method combining the pilot-aided and decision-directed approaches is applied to enhance the channel estimation performance without boosting the pilot power. While the IED concept is similar to the previous research on a turbo-coded single-carrier system [13] , we further consider practical issues in the FH-OFDMA system for packet-based cellular environments: i) a channel Copyright c 2006 The Institute of Electronics, Information and Communication Engineers parameter is estimated packet by packet to select the proper channel estimation filters in various mobile environments and ii) the noise variance required for LDPC decoding is iteratively estimated RB by RB to reduce the adverse effect of the non-uniform ICI. The preliminary results on the proposed system were presented in [14] and [15] , which are extended in this paper to support different RB types and to effectively cope with the non-uniform ICI. In addition, more extensive simulation results are provided to investigate the effect of system parameters such as code rate and RB size as well as to explore the performance according to various configuration of the receiver. While the IED receiver provides only about 1-1.5 dB SNR gain over the non-iterative receiver when the ICI does not exist, the gain is dramatically increased through the RB-wise noise variance re-estimation when the packet is suffered by the non-uniform ICI due to the FH. It will be also shown that the RB of smaller size does not always guarantee a better ICI managing ability in practical situations.
The rest of the paper is organized as follows. In Sect. 2, the system model of the LDPC-coded FH-OFDMA system is described. For the system, the IED receiver is designed with practical considerations in Sects. 3 and 4. Extensive simulation results are provided under various conditions in Sect. 5 followed by conclusion in Sect. 6.
System Description

Resource Allocation
In the proposed FH-OFDMA system, data packets are transmitted slot by slot, where a slot consists of multiple orthogonal data channels shared by active users and dynamically allocated to the users requesting data transmission. Figure 1 illustrates the data channel structure in the time and frequency resource grid of OFDM symbols. A data channel comprises multiple RBs well-distributed over the slot. To enable the channel estimation, an RB is formed with more than one basic unit (BU) having a pilot symbol at the center of it. The BU consists of U T and U F resources in the Fig. 1 The data channel structure of the FH-OFDMA system in the uplink.
time and frequency axes, respectively, and a pilot symbol has equi-power to a data symbol. Hence, the data channel has a form of pilot symbol assisted modulation (PSAM) in a single carrier system [16] , but the fading on the data channel is continuous only within the RB due to FH and dynamic packet allocation. For interference averaging, the data channel has a different FH pattern from those in neighboring cells such that it evenly collides with the data channels in a neighboring cell.
For the system, different RB types are considered to investigate the effect of both ICI averaging and channel estimation capability. They are constructed by adjoining multiple BUs in the time domain such that an RB consists of B T = PU T and B F = U F resources in the time and frequency axes, respectively. Here, P is the number of BUs (or pilot symbols) in the RB and hence more reliable channel estimation can be obtained with larger P by using more pilot symbols in each RB. Furthermore, when a decisiondirected approach is applied, more data symbols are available in channel estimation refinement for each RB. However, the increase of the RB size might result in reduction of ICI averaging capability at the same packet length. As an example, even in a case where two BUs in the same RB are severely corrupted by the ICI for the RB type composed of two BUs, only single BU might be corrupted by the ICI for the RB type composed of single BU.
System Model
The transceiver model of the LDPC coded FH-OFDMA system is depicted in Fig. 2 . At the transmitter of a user side, a data packet of information bits, {b k , k = 1, . . . , K}, is encoded by an (N, K) LDPC encoder, where K is the information block length and N is the codeword length. The coded bits, {c n , n = 1, . . . , N}, corresponding to a packet, are then mapped to the modulation symbols, {s l , l = 1, . . . , L}, such as QPSK or QAM. The symbol length is given by L = log Q N, where Q is the constellation size. The symbol streams after pilot symbol insertion are then mapped to the pre-assigned locations at the time and frequency resource grid according to the data channel structure. At the same time, the resources corresponding to the unassigned data channels are filled with zero symbols and OFDM modulation is performed with time/frequency multiplexing out- 
puts.
To eliminate or minimize the ICI in the uplink, the signals from different users in the same cell are controlled to synchronously arrive at the base station through a timing control feedback loop. Then the received symbol at the kth subcarrier of the nth OFDM symbol is given by
where h(n, k) is the channel frequency response, x(n, k) is the modulation symbol, and z(n, k)(= w(n, k) + η(n, k)) is the additive noise including the white Gaussian noise w(n, k) of variance σ 2 w and the ICI η(n, k). Then, the time/frequency demultiplexer extracts the received symbols for the desired user, which can be rearranged as
where R (t, f ) , X (t, f ) , and Z (t, f ) denote the B T × B F matrices for the received symbols, transmitted symbols, and noise components in the (t, f )th RB, respectively. Thus, the (i, j)th element of each matrix denoted by the lowercase letter, such as r (t, f ) (i, j) for the matrix R (t, f ) , corresponds to the value at the ith time and jth frequency position in the (t, f )th RB. Here, D T and D F are the number of RBs in the time and frequency domain, respectively. In addition, the channel response along the frequency axis in the RB is assumed to remain constant such that
T to X (t, f ) . With the received symbols for the desired user, the receiver iteratively performs channel estimation, demodulation, and LDPC decoding as explained in the following section.
Iterative Estimation and Decoding
Channel Estimation
The channel estimation consists of two steps, where the initial step resorts to only the pilot channel estimates and the refining step additionally utilizes the data channel estimates obtained with the LDPC decoding outputs.
At the initial step, the channel at the pilot positions is tentatively estimated with known pilot symbols such that
Here, j p is the frequency index of the pilot symbols and I p is the time index set for the pilot symbols in the RB. In case of the RB type with single BU, the tentative channel estimate at the pilot position represents the channel response of the whole RB. When the RB consists of multiple BUs, the channel estimate at the data position is obtained by interpolating the tentative pilot channel estimates using a finite impulse response (FIR) filter. In such cases, the output of the channel estimator is given bŷ 
where
With the channel estimates, the log-likelihood ratios (LLRs) are computed and LDPC decoding is performed as described in the following sections.
If the decoding failure occurs, the channel estimates are refined with the tentatively decided symbolsx (t, f ) (i, j) from LDPC decoding outputs. Under the assumption of no channel variation in the frequency domain,h a,(t, f ) is obtained by averaging the tentative pilot and data channel es-
, over the frequency axis. Then the refined channel estimates are obtained by filteringh a,(t, f ) as follows.
where G a is the B T × B T refining filter coefficient matrix. When the Wiener filter is used, G a is given by
} assuming that the decision symbols from LDPC decoding outputs are correct. In case of the RB with single BU, G a has the averaging weight since it is difficult to track the channel variation. With the refined channel estimates, the subsequent LLR computation and LDPC decoding are performed again.
LLR Computation
Once the channel estimation is performed, the LLRs of the transmitted bits are computed for LDPC decoding. Let y l andĥ l be the lth received symbol and channel estimate after pilot symbol removal, respectively. Then the LLR of c l,m , the mth constituent bit of the lth symbol s l , is computed as
= log
where S b m is the set of possible modulated symbols given that the mth constituent bit is b (∈ {0, 1}) and σ . At the first iteration prior to decoding, there exists no prior information on the transmitted bits and hence the a priori probability of each bit, p e (·), is 0.5. However, after LDPC decoding, the extrinsic information L e (·) from the LDPC decoder is utilized for LLR computation as p e (c l,
LDPC Decoding
For every iteration over the channel estimation, demodulation, and decoding, the LDPC decoder also iterates maximum D times based on the sum-product algorithm [10] until the decoded results meet the stopping condition based on syndrome checks. If the stopping condition fails at the Dth decoding iteration, the IED receiver begins new IED by refining the channel estimates and performs IED up to R times. In addition, the internal messages of the LDPC decoder at the end of the current IED are used for the next IED to speed up the convergence rate.
Practical Considerations
In this section, we discuss some practical considerations in the application of the IED receiver such as low complexity implementation, channel parameter estimation, and noise variance re-estimation considering the ICI.
Implementation
To utilize Wiener filters in channel estimation, the statistics of the fading channel should be known at the receiver. However, it is difficult to obtain the exact information especially in packet-based cellular systems since the data transmission is discontinuous and the channel rapidly varies in mobile environments. Thus, we use only a few sets of initial and refining filter coefficient matrices according to the channel variation rate information. The filter coefficient matrices are pre-computed for some typical channel variation rates and stored in the memory to reduce the computational overhead. Then, the proper matrices are selected according to the estimated channel variation rate for the currently received packet. If the channel variation rate is small, the filter coefficient matrices tend to average the tentative channel estimates in the RB to improve the channel estimation SNR since the additive noise is dominant in performance degradation. On the other hand, in case where the effect of the channel variation is dominant, the filter coefficient matrices tend to have the interpolation property to track the channel variation.
In this paper, we assume that the fading channel has the classical Doppler spectrum such that
where σ 2 h is the average channel power and ρ ν = J 0 (2π f D T s ν) is the correlation coefficient of fading channels at the ν OFDM symbol spacing: J 0 (·) is the zeroth order Bessel function of the first kind, f D is the maximum Doppler frequency, and T s is the OFDM symbol duration. Based on (8), the sets of initial and refining filter coefficient matrices are designed for some typical channel variation rates.
Channel Parameter Estimation
The channel variation rate for the current received packet is obtained by estimating the correlation coefficient ρ ν with tentative pilot channel estimates as follows.
where {·} is the real part of a complex value, andĨ p is the set formed from I p excluding the rightmost time index of the pilot symbol in the RB. However, such an estimation is coarse when the number of pilot positions in the time domain is relatively small for the received packet. Thus, the estimated correlation coefficient is not used to compute the exact filter coefficient matrices but to select between the averaging or interpolation types of the filter coefficient matrices.
Noise Variance Estimation
In cellular environments with dynamic packet allocation, the ICI power may be widely different packet by packet, even RB by RB due to the FH and frequency selective fading. Thus, for optimal LDPC decoding in the ICI dominant environment, the noise variance should be estimated RB by RB. In this paper, the noise variance of each RB is estimated during every iterative channel estimation step such that
Here,x (t, f ) (i, j) is the pilot symbol or tentatively decided data symbol. Data symbols are estimated withĥ * (i, j)r(i, j) at the initial channel estimation step while they are estimated with the LDPC decoder outputs at the refined channel estimation steps.
Simulation Results
In this section, the performance of the proposed system is investigated via Monte Carlo simulations with or without ICI. The first part focuses on various aspects of the IED receiver for a fixed RB size while the second part deals with the effect of the RB size on the channel estimation and ICI averaging performance. The system parameters common in the following simulations are summarized in Table 1 . 
Performance with a Fixed RB Size
The performance of the IED receiver is investigated for a fixed RB size, where B T = 2U T = 6 and B F = U F = 2 (P = 2) as shown in Fig. 1 . In the case, 17% of the data channel resources are used for the pilot symbols. For the slot length of B T , 128 RBs are distributed in the frequency domain for each data channel. For LDPC codes, binary (2560, K) irregular codes of K = 384, 736, 1440, and 2144 corresponding to the code rate 0.15, 0.29, 0.56, and 0.84, respectively, are constructed with 2, 3, and 6 column weights using the method in [12] . The performance is evaluated under the ITU-R pedestrian A channel model with each tap experiencing independent Rayleigh fading generated by the Jakes model [17] . The vehicular speed v is chosen from typical values such as v = 3, 60, 120, and 250 km/h. We assume that the transmitted power for each packet is adjusted for the mean SNR, E s /N o averaged over the packet to produce a target SNR value: there exists the time and frequency selectivity during a packet transmission while the average received SNR over the packet is the same for all generated packets through transmit power control. The performance measure is the packet error rate (PER) which is the ratio of erroneously decoded packets (codewords) to the total transmitted packets and the target PER is chosen as 10 −2 . The PERs of the IED receiver are shown in Fig. 3 for different R and D values when v = 3 km/h and the code rate is approximately 0.56. In the figure, the IED receiver with D = 20 shows much better performance at the first IED than those with D = 5 or D = 10 due to the LDPC decoding capability. However, it provides us with only slight performance gain as R increases: Note that, for R = 3, the system with D = 20 shows worse performance than that with D = 10. This observation results from the fact that, in case of D = 20, the LDPC decoder already converges to a state where incorrect decoding results cannot be corrected further by refined channel estimation and demodulation. On the other hand, the convergence rate is slow when the number of maximum decoding iterations is small. To compromise it, we choose R = 5 and D = 10 for the IED receiver in the following simulations. Figure 4 shows the performance of the IED receiver compared with the non-iterative receiver ('No IED') when v = 3, 60, 120, and 250 km/h, and the code rate is 0.56. For the non-iterative receiver and the receiver with perfect channel state information (CSI), we set D = 50 to obtain the performance which the decoder converges on. For channel estimation, the FIR Wiener filters are designed for each vehicular speed at E s /N o = 10 dB. First observation is that the IED receiver has up to 1 dB SNR gain over the non-iterative receiver at the target PER without boosting the pilot power. However, there exists an irreducible performance gap between the IED receiver and the receiver with perfect CSI due to error propagations among channel estimation, demodulation, and LDPC decoding. However, the bright side of the results is that the gain is obtained with only the increase in complexity and delay at the receiver without any increase in complexity and power at the user equipment side. Figure 5 compares the performance of the IED receiver in Fig. 4 with that of the IED receiver utilizing only one set of filters designed for v = 3 km/h regardless of the mobile speed. Since the filters for v = 3 km/h take the form of averaging the tentative channel estimates, they are robust to the additive noise at the low vehicular speed. However, they cancel out the channel variation in the high vehicular speed. Thus, the IED receiver with the fixed set of filters exhibits error floors as the vehicular speed or the SNR increases. On the contrary, some performance loss is expected when the Fig. 5 The PERs of the IED receiver with the different set of filters for each vehicular speed in comparison with the IED receiver using the fixed set of filters when the code rate is 0.56. Fig. 6 The PERs of the proposed IED receiver with channel parameter estimation and adaptive filter selection in various mobile environments when the code rate is 0.56. filters designed for the high vehicular speed are applied in the pedestrian environments although it is not shown in this paper. Figure 6 shows the performance of the proposed IED receiver when the channel variation rate is estimated for each received packet ('CP Est.') to select the proper filters between the two sets of the initial and refining filters. One set of filters is designed for v = 3 km/h and the other is for v = 250 km/h under the assumption of E s /N o = 10 dB. The criterion to select one of the two filter sets is the correlation coefficient of the channel at the speed of 90 km/h. Note that the performance loss due to the channel parameter estimation is somewhat large at the low mobility while it is negligible at the high mobility. In case of the low mobility, the operating SNR is somewhat low and the additive noise can mislead the estimated correlation coefficient less than its true value. Thus, the receiver decides that the channel variation rate is high and chooses the set of interpolation type filters. In case where the data transmission of a user is active over the several time slots, the channel parameter estimation is performed over several packets to make it more Fig. 7 The performance of the IED receiver for different code rates when v = 3 km/h and the channel parameter is known.
accurate. Then we can further enhance the performance at low mobility up to 0.5 dB which corresponds to the performance loss due to channel parameter estimation.
The IED performance for different code rates is shown in Fig. 7 , when v = 3 km/h and the channel parameter is known. One of observations is that the required E s /N o at the target PER steeply increases as the code rate ('CR') increases. In our simulations to obtain the PER at the given E s /N o , the mean of the received SNR in a packet is kept constant through power control while the received SNR of each code symbol varies due to the frequency selective fading. In such a case, the performance of an LDPC code depends on not only the mean but also the variation of the received SNR and an LDPC code of higher code rate is more sensitive to such variation as noted in [18] and [19] . Another observation is that the IED receiver exhibits larger E s /N o gap to the receiver with perfect CSI as the code rate decreases. However, it shows a larger performance gain over the noniterative receiver at the lower code rate. Our guess for such observations is that, in case of low code rate, there is more room for performance improvement through IED since the initial channel estimation performance is poor due to the low operating SNR. Thus, it would be more helpful to apply the IED receiver to the transmission option with a lower code rate if the channel parameter is known. Figure 8 illustrates the gain of the RB-wise noise variance re-estimation through IED in an ICI environment. For simulations, the LDPC code of code rate 0.15 is used and one interfering user transmits the signal in an adjacent cell at the speed of 120 km/h. Hence, only the 1/6 portion of the data channel is affected by the ICI due to the FH. The average signal-to-interference (SIR) power is set to 0 dB but the power control is not applied to the interfering data channel while it is applied to the desired data channel. In the figure, 'All/Non' denotes the IED receiver which estimates the average noise variance over the received packet once before decoding without re-estimation during IED. On the other hand, 'RB/RB' denotes the proposed IED receiver which estimates the noise variance RB by RB through IED. In case of a relatively high SNR value where the ICI is dominant, the RB-wise noise re-estimation provides us with much better performance by taking the non-uniform ICI power into consideration.
Performance with Different RB Types
Based on the results of the previous section, the performance of the IED receiver will be investigated for three RB types in this section: 'RB 1' with P = 1, 'RB 2' with P = 2, and 'RB 3' with P = 4 in the slot length of 12 OFDM symbols. The number of resources assigned to the data channel is the same as in the previous section but the slot length is doubled. Thus, the total number of available data channels is 12. In case of 'RB 2' and 'RB 3,' the proper filters are selected according to the estimated channel variation rate. On the other hand, only one type of filters in averaging form is used for 'RB 1.' For the following simulations, the LDPC code of code rate 0.15 (approximately, 1/6) is applied.
The performance of the system with different RB types is shown in Fig. 9 when v = 3 km/h and there is no ICI. One observation is that three RB types show almost the same performance if the fading channel is known perfectly. It implies that the effect of frequency diversity is almost the same for three RB types. Another observation is that 'RB 1' has the largest performance gain through IED since the initial performance is so poor that the tentatively estimated data channels are more helpful to the channel estimation. On the other hand, the larger the RB size becomes, the more error propagations can occur since more LDPC decoder bits are related to the channel estimation of the RB. Thus, the gain through IED is reduced when the RB size is increased. But, the final IED performance can be better with a larger RB size since the initial channel estimation is more reliable. The other observation is that there is a large performance gap of the IED receiver to the receiver with perfect CSI. This results from the fact that the estimation of channel variation rate becomes unreliable at the low SNR. Although it is not shown explicitly, we found from simulation that about 1.5 dB E s /N o gain is obtained for 'RB 2' and 'RB 3' at the target PER, if the channel variation rate is exactly known. Thus, in a low SNR, a better estimation on the channel variation rate is required. To do so, a data channel with larger number of resources can be utilized for packet transmission or the estimation on the channel variation rate can be performed over multiple packets for streaming services.
Figures 10 and 11 compare the performance of the system with different RB types in ICI environments, where all users are at the speed of 3 km/h and 120 km/h, respectively. To generate the ICI, 6 interfering data channels are randomly generated in an adjacent cell such that 50% of the desired packet is affected by the ICI and the average SIR is 0 dB. In the figure, 'Perfect CSI' denotes that the receiver ideally knows the fading channel and the average noise variance over the received packet. Thus, the curves denoted by 'Perfect CSI' represent the different ICI averaging capability of three RB types. In case of v = 3 km/h, three RB types show the similar performance since the effect of ICI is similar: the fading channel is static in the time and frequency domain of the slot so that the change of the ICI power through hopping is negligible for different RB sizes. However, when the vehicular speed increases, the ICI becomes more random for the packet with a smaller RB size so that 'RB 1' shows the best performance. On the other hand, when the channel estimation is incorporated, the system with a larger RB size tends to exhibit better performance due to its better channel estimation performance. In case where only the fading gain is re-estimated ('IED: All/Non'), the performance difference is small for three RB types although the system with the largest RB size shows the best performance. However, the RB-wise noise variance re-estimation ('IED: RB/RB') makes the performance of the system with a larger RB size much better by reflecting more reliable noise variance estimation results on the LDPC decoding to cope with the nonuniform ICI.
Thus, from the viewpoint of interference averaging, it would be better to reduce the RB size when the CSI is known. However, in practical cases where the channel estimation is essential, the RB size should be large enough for better channel estimation performance in the uplink cellular environments.
Conclusions
We have proposed an LDPC-coded FH-OFDMA system employing the practical IED receiver for the uplink of mobile cellular systems, where the FH and the channel estimation are performed at the unit of the RB. In the IED receiver, FIR filters were adaptively selected according to the estimated channel variation rate for both initial and refined channel estimation steps which utilize the LDPC decoder outputs in addition to pilot symbols. In addition, the noise variance was iteratively estimated RB by RB through IED to suppress the effect of the non-uniform ICI power occurring in the FH systems.
One of observations is that, even with only the two sets of initial and refining filters in either an averaging or an interpolating form, the channel variation can be tracked well and the channel estimation SNR is improved as well. Another observation is that the IED receiver has up to 1.5 dB SNR gain over the non-iterative receiver in case of no ICI. However, the gain increases a lot in ICI environments by reducing the adverse effect of the non-uniform ICI. Especially, it was observed that the performance becomes better with a larger RB size through reliable estimation of the noise variance and fading channel. Thus, for practical application of the FH-OFDMA systems in the uplink cellular environments, the RB size, i.e., the FH unit, should be designed large enough for better channel estimation and ICI mitigation.
On the other hand, we expect more performance gain if LDPC codes are optimized for the IED receiver. Optimization of LDPC codes remains as future work and it will be interesting to compare the optimized performance with LDPC codes with that of turbo codes.
